Abstract The cerebellum is critical for an array of motor functions. During postnatal development, the Purkinje cells (PCs) guide afferent topography to establish the final circuit. Perturbing PC morphogenesis or activity during development can result in climbing fiber (CF) multi-innervation or mispatterning. Structural defects during circuit formation typically have long-term effects on behavior as they contribute to the phenotype of movement disorders such as cerebellar ataxia. The Car8
Introduction
An intact cerebellar circuit is crucial for proper motor function. Motor function is altered when the cells and synapses comprising this circuit are incorrectly positioned or improperly connected. For example, when differentiated granule cells (GCs) in the external granular layer (EGL) lack a scaffold (i.e., the Bergmann glia), they cannot migrate to form the inner granular layer, cells die, and the mice become severely ataxic [1] . Similarly, when Purkinje cells (PCs) are displaced because of EGL injury, interneurons degenerate and eventually ataxia and tremor ensue [2, 3] . Other ataxias and behavioral deficits involve aberrant mossy fiber (MF) or climbing fiber (CF) topography and connectivity [4, 5] . Importantly, circuit dysfunction typically depends on PC development.
How afferent connectivity and functioning become compromised ranges from poor targeting to poor cell-cell communication. In the case of CFs, several events are coordinated throughout postnatal development for each PC to receive input from one CF: (1) CFs project from the inferior olive to the cerebellum, (2) "winner" CFs translocate from the PC somata to innervate the PC dendrites, and (3) CF terminals are eliminated from the PC somata [6] [7] [8] . When CFs do not translocate, are not functional, or multi-innervate one PC, motor deficits persist [5, 9, 10] . There is evidence that these behavioral deficits can result from a combination of abnormalities in CF and PC development because these two morphogenetic processes are interconnected [11] [12] [13] . PCs are among the first cerebellar cell types to be born and establish clear-cut patterns of anatomical and molecular expression patterns. The patterned architecture of PCs is thought to control the targeting of different sensory afferent types as well as the positional organization of other cerebellar cortical cells through the expression of molecular cues and synaptic activity [14, 15] . PCs also control afferent circuitry at the single-cell level. For instance, genetically ablating molecules such as RORα, Nogo-A, and NT-3 results in impaired PC dendritic sprouting, CF elimination, and CF translocation during cerebellar development [5, 13, 16] . Genetically inhibiting PC GABAergic neurotransmission also impairs circuit formation by mispatterning PCs and altering the topography of afferent fibers [17] . In many of these examples, the manipulation of cerebellar circuitry results in the development of ataxia [5, 17] .
The majority of cerebellar ataxias in human and animal models result from PC death and obvious mis-wiring defects [18] [19] [20] [21] [22] [23] . However, a number of cerebellar ataxias initiate and even persist in the absence of obvious structural defects, with limited/restricted neurodegeneration, or without widespread cell loss [24] [25] [26] , whereas in other cases, cerebellar neuronal function and movement are affected before clear cerebellar pathology is detected [27] [28] [29] . The Car8 wdl mouse model is an interesting example where the overall morphology of PCs is preserved, but PCs fire abnormally, and the ataxia and other motor deficits worsen over time [30] . Car8 wdl mutant mice have a null allele resulting from a spontaneous 19-bp deletion in exon 8 of the carbonic anhydrase-related protein VIII (Car8) gene [31] . Car8 is expressed predominantly by PCs where it is thought to function as an intracellular Ca 2+ regulator. Car8 binds to inositol 1,4,5-triphosphate receptor type 1 (IP3R1) and lowers its affinity for IP3 [32] . Mutations in the human homologs CA8 and ITPR1 cause ataxia and tremor [33] [34] [35] [36] . While the loss of Car8 is thought to cause Ca 2+ dysregulation, overexpression of Car8 stunts PC dendrite growth [37] . Although this overexpression study suggests a role for CAR8 during PC development, we do not know how the fine circuitry of the afferents is impaired when Car8 is deleted. However, these previous data raise the possibility that the structure and function of the developing cerebellar circuit might underlie not only the onset of PC dysfunction, but perhaps also the motor behavior defects that occur later in life.
Since PCs are morphologically but not functionally normal in Car8 wdl adults, we asked whether motor deficits develop because of impaired developmental connectivity. The two major classes of cerebellar afferents-MFs and CFs-must wire up precisely before they are able to modulate PC firing during motor behavior. We have previously shown that the loss of Car8 delays parasagittal zone formation, alters MF development, and ultimately mis-patterns topographical maps [30] . Loss of Car8 has also been shown to lead to an increase in the total number of CF terminals in the molecular layer and an increase in CF occupancy of more distal areas of the molecular layer in adult mice [38] . There are several possibilities for how Car8 might impact the establishment of precise CF circuitry. Loss of Car8 could lead to ectopic CF innervation potentially due to an early increase in the number of terminals, or loss of Car8 could promote early or enhanced CF translocation into the molecular layer. A third possibility could be that loss of Car8 delays PC wiring so that CFs are forced to translocate onto the PC dendrites beyond the normal developmental time window. We would thus expect to find additional CFs in postnatal mutants. To distinguish between these possibilities, we followed CF development from postnatal day (P) 5 to P20 in Car8 wdl mice.
Materials and Methods
Animals C57BLKS/J (background control strain) and Car8 wdl mice were purchased from the Jackson Laboratory (Bar Harbor, ME), crossed, and then maintained in our animal colony at Baylor College of Medicine following approved IACUC and institutional animal care protocols. We studied littermate and non-littermate C57BLKS/J controls and Car8 wdl homozygotes since the heterozygotes do not exhibit obvious motor phenotypes [31] . Mutants were distinguished from controls through standard PCR genotyping, using previously published primer sequences [31] . We performed timed pregnant matings, and noon on the day a vaginal plug was detected was considered embryonic day 0.5. Mice of either sex were analyzed at ages P5, P10, P15, and P20.
Mouse Perfusion and Tissue Processing Procedures
Control and Car8 wdl mice were anesthetized with 2,2,2-tribromoethanol (Avertin) then transcardially perfused with Fig. 1 a Schematics of the olivo-cerebellar-nuclei circuit (left) and CF terminals on a PC (right). IHC immunohistochemistry, ml molecular layer, pcl Purkinje cell layer (white dotted lines), gcl granule cell layer, cn cerebellar nuclei, IO inferior olive. b VGLUT2 and calbindin double staining reveals premature CF elimination and delayed CF translocation into the molecular layer at P10 (scale bar = 50 μm). The number (no) of VGLUT2-positive puncta on PC somata (p < 0.0001) and percent CF territory (p = 0.0159) were significantly different between Car8 wdl and control mice at P10. *p = 0.0159; ****p < 0.0001. Error bars reflect ±SEM (standard error of the mean). Yellow arrowheads point to the CF terminals that have translocated from the PC somata onto the PC dendrites. c Higher magnification of VGLUT2-positive CF terminals on PC somata (white arrowheads) and dendrites (yellow arrowheads) at P10 (scale bar = 20 μm). Control mice have more VGLUT2-positive CF terminals on PC somata and dendrites compared to the Car8 wdl mutant mice. At each postnatal age, the PC and CF data were comprised of analysis of lobules V and VI 0.1 M phosphate-buffered saline (PBS; pH 7.2) and 4% paraformaldehyde (PFA). Dissected brains were post-fixed in 4% PFA for at least 24 h. To obtain the sagittal sections, the brains were sequentially transferred from~24 h in 18% sucrose tõ 36 h in 30% sucrose solutions then embedded in optimal cutting temperature (OCT) solution. The tissue was cut sagittally into 40-μm sections on a cryostat. Free-floating midline sagittal sections were stained following previously published protocols [4, [39] [40] [41] . A VGLUT2 anti-guinea pig polyclonal antibody (Synaptic Systems, No. 135404) was used at a 1:500 dilution to label CF terminals. We used either anti-rabbit calbindin polyclonal (Swant No. CB38) or anti-mouse calbindin monoclonal antibodies (Swant No. 300) both at a 1:10,000 dilution to label PCs. The tissue sections were fluorescently labeled using Alexa 488-and Alexa 647-conjugated immunoglobins at a 1:1500 dilution (Invitrogen Molecular Probes Inc., Eugene, OR, USA, Nos. A-21202 and A-31573). Tissues were also counterstained with DAPI upon cover-slipping (Vectashield Antifade Mounting Medium with DAPI No. H-1200).
Image Acquisition and Data Quantification
Images were captured using a Zeiss AxioCam MRm (fluorescence) camera that was mounted on a Zeiss Axio Imager.M2 microscope. We processed the images with Zeiss ZEN software (2012 edition). The number of VGLUT2-immunopositive punctae on each PC soma was counted from at least two sagittal sections taken from around the midline of three or more control (n = 20) and Car8 wdl (n = 16) cerebella at ages P5, P10, P15, and P20. The molecular layer (ML) lengths and CF distribution were quantified from at least two sagittal sections taken from the midline and the immediately adjacent regions of the vermis per animal. We used ImageJ to quantify the data. We analyzed the CF data to calculate the percent CF territory (%CF territory = (CF length/ML length) × 100) at each of the postnatal ages as stated above. All analyses were performed on similar anterior-posterior regions located within the primary fissure, which separates lobules IV/V and VI. Between-group differences were analyzed for significance (p < 0.05) using Student's t test for all of the ages that were analyzed in this study.
Results
We previously showed that MFs are mis-patterned in developing Car8 wdl mice, contributing to an altered spinocerebellar map and motor dysfunction in adults [30] . Because both MF and CF connectivities rely on PC development, it is likely that CFs are also affected by the loss of Car8. We hypothesized that impaired CF wiring could contribute to cerebellar dysfunction in Car8 wdl mice. To characterize CF development in postnatal Car8 wdl mice, we stained control and mutant cerebella for PC and CF terminals using calbindin and VGLUT2, respectively (Fig. 1a) . We found that there were no significant differences in the number of puncta or CF occupancy of the molecular layer, on average, between PC somata at P5 (Fig.  1b ; n = 5 mutants, n = 4 controls). As expected, we found fewer somatic VGLUT2 puncta, as the mice got older (Fig.  1b) . At P10, Car8 wdl mice have significantly fewer somatic VGLUT2 puncta (p < 0.0001), suggesting that CFs are eliminated prematurely from mutant PCs (Fig. 1b, c ; n = 4 mutants, 6 controls). Also, at P10, we found a significant difference in CF occupancy of the molecular layer (p = 0.0159). Greater than half (55%) of the P10 control tissues analyzed (compared to 13.3% of P10 Car8 wdl tissue) have CF terminals that occupy more of the molecular layer than they did, on average, at P5 (Fig. 1b, c ; n = 4 mutants, 6 controls). At P15 and P20, we found no differences between the number of VGLUT2-positive puncta on PC somata or the percent CF territory in control compared to the mutant mice ( Fig. 1b ; n = 3 mutants, 5 controls at P15; n = 4 mutants, 5 controls at P20). Together, these data suggest that (1) CFs are correctly targeted from the inferior olive to the cerebellar cortex, (2) CF elimination may start earlier in developing Car8 wdl mice, and (3) CF translocation may be delayed and occur over a longer period of time in developing Car8 wdl mice. Because the number of VGLUT2-positive puncta on the PC somata is highly variable in P10 controls (which perhaps is a reflection of CF and PC heterogeneities [42] ), in the Car8 wdl mutant mice, CF elimination may not only be completed sooner, but it may also proceed more uniformly across a given cerebellar lobule or set of lobules ( Fig. 1c ; n = 4 mutants, 6 controls).
Discussion
We have previously shown that loss of Car8 from PCs delays zone formation and alters MF patterning [30] . Here, we show that the loss of Car8 impacts CF development in postnatal mice in two ways: through premature CF elimination from PC somata and delayed CF translocation to PC dendrites. Although we did not find ectopic CF terminals in the most superficial portions of the molecular layer, our data instead suggests that (1) CAR8 may regulate the initiation of CF elimination and translocation and (2) as discussed below, CAR8 may restrict the CF terminal field to the lower two thirds of the molecular layer as some CFs may expand further into the molecular layer after P20 in Car8 wdl . Moreover, without CAR8, CFs are not only eliminated earlier, but within a given region of the cerebellar cortex, they also appear to be eliminated more uniformly from PC somata (Fig. 1b, c) . Because the number of VGLUT2-positive puncta innervating the PC somata and dendrites normalizes between controls and mutants by P15, other molecules expressed by cerebellar cortical neurons may compensate for the loss of Car8. Although by P20, CF territories in control and mutant cerebella are not significantly different, it is possible that CF translocation continues past the normal developmental time window to contribute to the increased area and the increased total number of VGLUT2-positive terminals reported to occupy the molecular layer of Car8 wdl adults [38] . Given that PC activity is altered in Car8 wdl [30] , it could be that specific functional changes in the developing circuit contribute to the phenotype. Interestingly, genetically altering PC excitability causes an increase in supernumerary CFs and an associated increase in complex spikes at P15 [43] . Coupled with the normal dynamics of complex spike activity during postnatal development [44] , our Car8 wdl CF data could reflect a fascinating intersection of structural and functional plasticity in developing mice.
The abnormalities we observed in CF innervation of PC soma and translocation in Car8 wdl mutant mice likely contribute to the circuit dysfunction in these mice [30] . Previous electrophysiological analyses showed that Car8 wdl PCs have fewer complex spikes and receive less excitatory input despite increased VGLUT2 expression in the molecular layer and normal paired pulse ratios at their parallel fiber (PF) synapses [30, 38] . Furthermore, through electron microscopy, Hirasawa et al. (2007) found abnormalities in synaptogenesis. Either PC spines were devoid of input or multiple PC spines shared one input, suggesting that fewer functional synapses form during development [38] . Although the CF impairments that we found were either transient or delayed in Car8 wdl mice, these could contribute to diminished PC excitation in the adult because several of the morphogenetic events that occur during c e r e b e l l a r d e v e l o p m e n t -G C p r o l i f e r a t i o n , P C dendritogenesis, and CF translocation-are interdependent and crucial for setting up a functional circuit. Impairments or delays to one of these events can impact the timing of others, thereby leading to permanent wiring defects and compromised motor function. For instance, transiently prolonging the cell cycle of GC precursors temporarily delays GC migration, as observed in matrix metalloproteinase-2 (MMP-2)-deficient mice [45] . Despite these transient developmental alterations at P3 and P9-P15, PC size is permanently affected, PC spine density and lengths are altered, and mild deficits in balance and motor coordination persist in the adult [46, 47] . In hypothyroid mice, delayed GC migration and differentiation prolong afferent innervation of PC somata, manifesting in vestibular problems and circling behavior [47, 48] . Thus, the spatial and temporal features of cerebellar wiring are finely controlled and the behavioral consequences can be severe even when specific developmental processes are only temporarily disturbed.
The cerebellar circuit supports motor function in developing and adult animals. While we know that disrupting circuit development severely impairs motor behavior, we lack a comprehensive view of how short delays and transient defects contribute to long-lasting deficits that cause motor disease. Further, elucidating how transiently impairing the cerebellar circuit affects movement in Car8 wdl mice will advance efforts towards understanding the function of CAR8 in postnatal development. This in turn will help uncover how different forms of ataxia and tremor arise and how they might be treated. 
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